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1 | INTRODUCTION

Nucleic acids (NAs) are chiral species, both due to the
intrinsic chirality of the sugars
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Abstract

In this study, we exploit a recently developed fragment diabatization-based
excitonic model, FrDEX, to simulate the electronic circular dichroism (ECD)
spectra of three guanine-rich DNA sequences arranged in guanine quadruple
helices with different topologies: thrombin binding aptamer (antiparallel),
c-Myc promoter (parallel), and human telomeric sequence (3+1 hybrid). Start-
ing from time-dependent density functional theory (TD-DFT) calculations with
the M052X functional, we apply our protocol to parameterize the FrDEX
Hamiltonian, which accounts for electron density overlap and includes both
the coupling with charge transfer transitions and the effect of the surrounding
bases on the local excitation of each chromophore. The TD-DFT/MO052X spec-
tral shapes are in good agreement with the experimental ones, the main source
of discrepancy being related to the intrinsic error on the computed transition
energies of guanine monomer. FrDEx spectra are fairly close to the reference
TD-DFT ones, allowing a significant advance with respect to a more standard
excitonic Hamiltonian. We also show that the ECD spectra are sensitive to the
inclusion of the inner K* cation in the calculation.

KEYWORDS
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arrangement of the nucleobases, making electronic circu-
lar dichroism (ECD)' a widely used technique to charac-
terize their structural behavior.>™® Among the different

and the helical NA secondary structures, ECD is particularly informative
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for monitoring the static and dynamical behaviors of gua-
nine quadruple helices (hereafter GQs). This peculiar
structure can be adopted by Guanine-rich DNA and RNA
sequences and has been the focus of intense research
activity in recent years. Indeed, GQs have been shown to
be present in living cells” ' and have been identified as
important therapeutic targets,'>"* since they are likely
involved in many key biological processes."*

As schematically depicted in Figure 1 below, the
repeating units of GQs are four guanines (Gs) arranged
in a plane (tetrad) connected by Hoogsteen-like hydrogen
bonds and stabilized by the coordination of inner
cations, for example, K™ and Na*t.'"'>!® The bases of the
tetrads can belong either to different NA strands
(e.g., bimolecular, tetramolecular GQs) or to a single NA
strand. In this latter case, tetrads are connected by loops
made up of additional nucleobases. Gs can be in syn- or
anti-conformation with respect to the glycosidic bond
and, considering the relative strand orientations, can
have parallel (all the strands have the same orientation),
antiparallel (two parallel and two antiparallel G strands),
and (3+41) hybrid (three parallel and one antiparallel G
tracts) GQ topologies. Taking into account that loops can
also adopt different conformations, GQs exhibit a large
structural diversity despite their thermal stability, and
many factors (sequence, the nature of the coordinated
ions, and temperature) determine the final folding topol-
ogy.">'® The asymmetric arrangement of the bases in
each step affects the ECD signal so that each topology
has a distinct ECD signature. These characteristics have
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made ECD the elective technique to identify the presence
of GQs and to characterize their folding topology, their
thermal stability, and their folding/unfolding dynamics.
For a detailed review of the experimental papers in the
field, see earlier studies.”® and references therein. More
recently, useful procedures have also been proposed to
obtain quantitative secondary structural and topological
information for GQs from their ECD spectra, for exam-
ple, the number of anti-anti, syn-anti, or anti-syn base
steps.”

Concurrently, very interesting nonempirical interpre-
tative models of the experimental ECD signal have been
proposed.®!”'* A widely used one is based on the defini-
tion of the polarity of each tetrad. In their own words,
Spada, Randazzo, and colleagues state that “A simple
exciton coupling approach or more refined quantum
mechanical (QM) calculations allow to interpret the differ-
ent CD features in terms of different stacking orientation
(head-to-tail, head-to-head, tail-to-tail) between adjacent
G-quartets”.*®

When compared with the huge amount of experimen-
tal results available, the number of computational studies
focussing on the electronic spectra of GQ, or, more
generally, on their photoactivated behavior is quite
limited."”** Actually, the size of GQ (at least 8-12 Gs,
without considering phospho(deoxy)ribose backbone,
counter-ions, and loops) is extremely challenging for QM
calculations. Moreover, the simulation of the electronic
spectra (absorption or ECD) up to the UVB-UVC region
(~ 220 nm) requires the calculation of several dozens of
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Schematic drawing of the guanine quadruples (GQs) investigated in this study: (A) thrombin binding aptamer (TBA).

(B) c-Myc promoter (c-Myc). (C) Human telomeric sequence (Tel23). The schematic drawing of a “tetrad” is shown below TBA.
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excited states, further increasing the computational cost.
It is not surprising, therefore, that many studies of the
ECD spectra of GQs have resorted to excitonic
models,®**~%° which describe the excited states of GQs on
the basis of local excitations (LEs) of guanine and their
couplings. From this perspective, GQs are a suitable play-
ground for the assessment and the refinement of exci-
tonic Hamiltonians, since the close stacking between the
Gs could defy many of their more commonly adopted
approximations, for example, the lack of coupling with
excited states with charge transfer (CT) character or the
dipolar approximation.

In this context, we have recently proposed a protocol
that employs a fragment-based diabatization (FrD), to
parameterize a generalized excitonic (Ex) Hamiltonian,
FrDEx, which describes the interplay between LE and CT
states and is aimed at the study of closely stacked multi-
chromophore assemblies (MCAs). In its first application,
FrDEx has been adopted to simulate the absorption and
ECD spectra of two GQs: a human telomeric sequence in
antiparallel basket-type topology; and the tetramolecular
parallel GQ formed by the TGGGGT sequence,” provid-
ing spectra similar to those of the reference QM method
(time-dependent density functional theory [TD-DFT]
using the M052X functional), and in fairly good agree-
ment with the experimental one. Moreover, when
coupled with Molecular Dynamics (MD) simulations,
FrDEXx has provided useful information on the effect that
the loops and thermal fluctuations of the structure have
on the ECD spectral signal.”” Very recently, we have also
profitably used FrDEx to compute the ECD spectra of a
GC B-DNA duplex.”® These promising results have how-
ever been obtained only on two particular systems, a
sample too small to fully assess the performances of
FrDEx in simulating the electronic spectra of GQs and
test its limitations.

In this study, we thus apply FrDEx to study three
additional different sequences, which are known to adopt
in solution the three commonly found topologies,
namely, antiparallel, parallel, and hybrid (or 3+1), each
one characterized by a typical ECD signature. In detail,
as shown in Figure 1, we have computed the ECD spectra
of the thrombin binding aptamer (GG-TT-GG-TGT-GG-
TT-GG sequence, hereafter TBA) of a sequence of the
human c-Myc promoter (TGA-GGGT-GGGT-A-GGGT-
GGGT-AA, hereafter c-Myc) and of a 23-nucleotide frag-
ment of the human telomeric sequence (TA-GGGTTA-
GGGTTA-GGGTTA-GGG, hereafter Tel23), based on
their experimental structures. In the presence of K* ions,
TBA adopts an antiparallel chair-type topology,”*
c-Myc a parallel,®" and Tel23 a hybrid-1 one.*?

Besides giving useful information on the most suit-
able protocol to be followed when applying FrDEx (and

more generally any excitonic model) to GQs, this study is
aimed to provide additional insights into the different
chemical-physical effects determining the spectral line-
shape. In particular, we shall focus on the role played by
the inner coordinated cation and on the possible contri-
bution of the guanine bases present in the loops. Finally,
although a thorough assessment of the performances of
TD-DFT is well beyond the scope of the present paper,
we can gain useful information on the potentialities, and
the limitations, of this method, in the study of optical
properties of GQ.

2 | METHODS

2.1 | FrDEx procedure

In the FrDEx model, we write an excitonic state k in
terms of LEs on N, individual monomers and CT states
between dimers:

Nmol Nioc
|\Pk> :Z Z Cak|Lm
m a

Nmol Nmoi Ncr (1)

£33 Sy

m n#m y

where for each monomer m, the index «a labels the Ny
possible LEs (L) with corresponding coefficient C%k.
The index y identifies the N¢r different types of CT states
(CT;"") where an electron is transferred from monomer
m to monomer n, with corresponding coefficient C7;¥

In the basis of these LE and CT states, we split the
Hamiltonian into an intramolecular part Hin, and inter-
molecular part Hiyger

Hyipex = Hingra + Hinter- (2)

In the intramolecular part, we have the LE energies
and the couplings of different LEs on the same monomer.
These couplings are zero for adiabatic LE states of an iso-
lated monomer but become nonzero in a MCA due to the
electrostatic and polarization effects of the surrounding
monomers and/or the overlap with their molecular
orbitals, causing LEs defined on an isolated monomer to
mix when other monomers are present nearby. Further-
more, whereas in “standard” excitonic models the LE
energies are typically set to be equal to those of the iso-
lated monomer, our Hamiltonian accounts for the possi-
ble effect of the surrounding monomers in a MCA.
Previously, we have referred to both these phenomena as
a “perturbation” of the monomeric LEs.”**” In the inter-
molecular part, we have all the terms involving more
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than one monomer, that is, the CT energies, LE-CT and
CT-CT couplings, as well as the LE-LE couplings for LEs
located on different monomers (usually referred to as
excitonic couplings). The full expressions for Hjny, and
Hiner have previously been written®**’” and are also
included in the supporting information (SI) Section S1.

These energies and couplings are calculated via a
fragment diabatization (FrD) technique, where we define
diabatic states of some supramolecular complex
(SC) consisting of Ny, fragments, a subset of the total
N monomers, using as reference states either the adia-
batic states of the fragments (for LEs) or orbital transi-
tions between the fragments (for CT states).

As derived and illustrated previously,>*** the diabatic
states |d) are then obtained by

|d) =|a*)D
— |aSC>ST(SST)7%

where S=(R™&|a%C) is the overlap of the reference
states of the fragments (|[R™8%)) with the adiabatic states
of the SC (|a5¢)). The diabatic energies and couplings
can then be calculated from the transformation matrix D
applied to the diagonal matrix of adiabatic energies of the
SC H(a5C). The diabatic dipole moments may similarly
be obtained by application of D to the diagonal matrix of
adiabatic dipole moments. The flexibility of the FrDEx
method lies in the ability to choose a SC of any size with
an arbitrary number of fragments to compute the cou-
plings and energies, so as to balance computational cost
and accuracy, avoiding, at the same time, any double-
counting effect. Indeed, different sizes of SC may be cho-
sen to parameterize Hiny, and Hiner, and as previously
with GQs, we choose dimers for Hinee2® and use either a
single “Strand” or a “Tetrad” of guanine bases for Hiyya-
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These choices are illustrated in Figure 2, using c-Myc as
an example GQ.

The FrDEx spectra will be compared also with those
obtained by a more “standard” excitonic approach, that
is, a Frenkel Hamiltonian with Coulombic couplings
(FHC), constructed by computing the excitonic couplings
based on the Coulomb interaction of the full transition
densities of G bases and taking LE energies as those for
an isolated monomer.>**

2.2 | Computational details

2.2.1 | Reference QM calculations
As anticipated above, the simulation of the ECD spectrum of
a GQ requires the calculation of a large number of excited
states for a system containing at least ~ 150 atoms. The
only viable option, in order to combine computational
feasibility with fairly good accuracy, is TD-DFT. The limi-
tations of TD-DFT are well-known, for example, in the
treatment of the electronic transitions with CT
character,”**> although they can be partially overcome
by choosing a suitable functional.*®> We here resorted to
M052X,% a functional we have already profitably used in
studying the photophysics and photochemistry of
DNA,*”*® along with the 6-31G(d) basis set. It should be
noticed that, since M052X does not reach 100% exact
exchange limit at large distances, it could fail in correctly
describing the CT transitions between very distant chro-
mophores. However, here we only consider the closest
nearest-neighbor pairs, because as reported previously
these give the largest contribution.*

In order to include the effect of water solvent, we
adopted a computationally convenient implicit solvation
scheme, the polarizable continuum model (PCM).** The

Tetrad

Ilustration of different supramolecular complexes chosen for diabatization to paramaterize the FrDEx Hamiltonian (colored

rectangles). Guanines for which FrDEx parameters are obtained from the specified subset of guanine quadruple (GQ) are highlighted in

black. The c-Myc sequence, see Figure 1, has been taken as example.
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TD-DFT/PCM calculations were performed in Gaussian
16.*° We checked by visual inspection (one case is
reported in Figure S13 in the SI) that with the standard
settings of the code, the PCM cavity is built in a way that
no dielectric is placed between the stacked bases. We fur-
ther checked that the TD-DFT results are similar with
larger cavities, obtained by increasing the scaling factor o
from 1.1 (default) to 1.2 and even in the gas phase
(Figure S14). In the computation of the reference diabatic
LE and CT states |R™°) and the states they are projected
onto |a¢), we include the other bases and the inner sta-
bilizing cation (K') at the molecular mechanics
(MM) electrostatic level, via restrained -electrostatic
potential (RESP) charges, computed at the same level of
theory. The RESP charges were included outside of the
PCM cavity, and a check was made to ensure that placing
them inside the cavity did not significantly affect the
parameters obtained (see Table S4). Test calculations on
TBA (see Figure S12 in the SI) also show that the com-
puted spectra do not significantly change when the RESP
charges of the G bases are not considered in the calcula-
tion. The diabatization was performed by our freely avail-
able code, Overdia.*' For the FHC approach, the
Coulombic couplings between LEs were evaluated using
the “EET” option in Gaussian** which utilizes transition
densities and solvent effects with PCM. The PCM cavities
were constructed using the “FragmentCavity” option,
which builds a PCM cavity for each pair of fragments
when evaluating the excitonic coupling. This allows max-
imum correspondence to the FrDEx approach, which uti-
lizes PCM cavities in a similar manner and also is a
suitable option for large multichromophoric systems like
those studied in this paper.**

For all the FrDEx and QM calculations, we have con-
sidered only the G bases. All the atoms in sugar-
phosphate backbone are stripped off except for C1' of
deoxyribose sugar, which is substituted by a methyl
group. The 9-methyl-guanine, optimized at the
MO052X/6-31G(d)/PCM(water) level of theory, then
replaces the guanine geometries from the PDB structures,
by minimizing the RMSD between them. In our previous
studies, we have analyzed the possible effect of this
approximation on the computed spectra.*’

For FHC calculations, 10 excited states are calculated
for each fragment, and then we used the first two bright
transitions of each fragment in building the Hamiltonian,
with the LE energies those of monomeric guanine with-
out any surrounding RESP charges. In case of FrDEx, the
excited states calculated for monomer, pair, strand, and
Tetrad are 10, 40, 30, and 40, respectively. These calcula-
tions are used in the FrD where the Hj,;, and Hjer
terms are computed, which include two LE states for
each G and four CT states for each nearest-neighbour

TABLE 1
FrDEx models used in this work.

Comparison of the effects considered in the FHC and

Effect FHC FrDEx
Full Coulombic LE-LE excitonic couplings v v
PCM water v 4
CT states X v
MM surrounding bases X 4
Monomeric LE perturbation X v

Abbreviations: CT, charge transfer; FHC, Frenkel Hamiltonian with
Coulombic couplings; LE, local excitation; MM, molecular mechanics;
PCM, polarizable continuum model.

pair. A comparison of the effects incorporated in the
FHC and FrDEx models in this work is shown in Table 1.
We note that some of the effects accounted for by FrDEx
are also considered in other ab initio excitonic models in
the literature.***°

In the next subsection, we discuss some computational
strategies we adopted to take into account the possible
source of inaccuracy in our reference QM calculations.

2.2.2 | Simulation of the spectra

The spectra were computed using a modified version of
the EXAT code,”* and we utilize the rotatory strength in
velocity gauge to compute ECD spectra, to avoid any ori-
gin dependence.?*?” The simulation of the ECD spectrum
in UVB-UVC region requires the calculation of >
40 excited states, making unfeasible a proper inclusion of
vibrational and thermal effects in the lineshapes. They
are phenomenologically accounted by simply convoluting
the “stick” contribution of each excited state by a Gauss-
ian, with half-width-half-maximum (HWHM)=0.18
eV. However, as shown by the test calculations reported
in the SI, our conclusions do not depend on the value
assigned to this latter parameter.

The expected accuracy of the computational method
for GQs is clearly linked to the one observed for the
monomer species G. In this respect, we should notice that
the two lowest energy bright excited states (L, and L) of
9methyl-guanine are blue-shifted by 0.75-0.85 eV with
respect to the maxima of the experimental absorption
band of guanosine in water at the PCM/TD-
MO052X/6-31G(d) level of theory, as shown in Figure S5
and in Table S1 of the SI. A part of this shift (0.1-0.2 eV)
is due to the absence of thermal and vibrational effects in
our treatment, which lead to a systematic red-shift of the
band maxima with respect to the vertical transition ener-
gies.*”*® A significant part of the error is, however, due
to the limitations of our computational approach
(e.g., density functional and basis set). This is not a very
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problematic issue for this study, whose main purpose is
to assess the reliability of FrDEx with respect to the refer-
ence QM calculation. On the other hand, it is clearly
interesting to verify if the computed spectra are consis-
tent with the experimental ones. Therefore, in order to
allow an easier comparison with the experiments, we
shall report computed spectra red-shifted by 0.8 eV, that
is, the error made in simulating the absorption spectrum
of the monomer with the same level of theory.

As a matter of fact, the test calculations described
below will suggest that the main source of error in the cal-
culation of the ECD is the description of the monomer and
not the treatment of the electronic interactions in the GQ.

Finally, it is noteworthy that PCM/M052X/6-31G
(d) calculations quite significantly overestimate the inten-
sity of the L, transition with respect to that of L, (see
Figure S5 in the SI) and, in the following, we will explore
the performance of a very simple strategy to correct for
this error.

3 | RESULTS
3.1 | TBA, antiparallel topology
The ECD spectrum of TBA (Figure 3) is typical of

antiparallel GQs, featuring a strong positive peak at
~ 290 nm, a negative one at ~ 270 nm and a positive one

300
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-100

[ag] M 'em™)

-200

-300

-400 | FrDEx-Tetrad —— |
FrDEx-Strand ——
FHC
-500 L L L I
220 240 260 280 300 320
Wavelength (nm)
FIGURE 3 Computed electronic circular dichroism (ECD)

spectra of thrombin binding aptamer (TBA) guanine quadruple
(GQ) using time-dependent density functional theory (TD-DFT),
Frenkel Hamiltonian with Coulombic coupling (FHC), and FrDEx
(by using both “strand” and “tetrad” approaches). Intensity is in
molar extinction (Ae). Experimental spectra reported in Gray et al,’
are multiplied by a factor of 15 to be in GQ rather than nucleotide
concentration (see text for details).

" Chiraliy BRI

at ~ 250 nm. The latter two peaks have similar intensity,
whereas the one in the red is ~ three times stronger.
The shape of the spectrum computed by TD-
MO052X/6-31G(d) is similar to the experimental one, and
once shifted by —0.8 eV, the position of their peaks is
very close.

In order to allow a more direct comparison with our
calculations, the intensity of the experimental spectrum,
expressed in molar extinction per nucleotide,’ has been
multiplied by 15 to express it instead relative to GQ con-
centration. Overall, the computed intensity for the peak
at ~ 290 nm is in good agreement with the experimental
one, especially when considering that thermal fluctua-
tions, whose inclusion is outside the scope of this paper,
would also affect the intensity of the spectrum.?’

Concerning the relative intensity of the peaks, the
most significant discrepancy between the TD-M052X and
the experimental ECD spectra is the significant overesti-
mation of the intensity of the negative feature at ~
270 nm. Since this feature is associated with L, excited
states, it is possible that this error can be traced back to
the overestimation of the relative intensity of L, transi-
tions in the G monomer. This is confirmed by the test cal-
culations reported below. The FrDEx spectra are in good
agreement with the reference QM one. The position of
the peaks of the “tetrad spectrum” nicely agrees with the
QM reference. The only significant discrepancy concerns
the intensity of the red-wing positive lobe. The “strand”
approach provides instead less accurate results, with
larger errors in the position of the peaks. In TBA, there
are indeed only two tetrads, so it seems that the possibil-
ity of including the effect of the stacking on Hj,, (as in
the “strand” approach) is less important than treating the
effect of the hydrogen bonding in the tetrad at a QM level
(as in the “tetrad” procedure).

In the SI, I we also show that the inclusion of the G
bases present in the loop (G8 in Figure 1A) does not sig-
nificantly affect the computed ECD spectrum, but for a
small increase of the relative intensity of the negative
peak at ~ 260 nm. Actually, in the experimental structure
considered, the stacking between G8 and the other G
bases is quite poor (see Figure S1 in the SI). On the other
hand, the relative position of the extra G8 base with
respect to the G-tetrad is quite different in the various
structures of the free TBA experimentally deter-
mined.*~%* Finally, in Figure S14 of the SM, we also
show that the ECD spectrum varies only moderately if
we increase the size of the PCM cavity using a value of
1.2, larger than default 1.1 for the scaling factor a. We
also show in Table S4 that the parameters of the FrDEx
Hamiltonian change only slightly if, in the fragment
computations, we do not include the RESP charges
within the PCM cavity (the standard approach we adopt)

85UB017 SUOWILIOD BA 81D 3|qeot dde au Aq peusenob a1 S3jo e YO ‘35N JO S3NJ 10y Afeiq 1 8UINUO AB|IA UO (SUOTIPUOD-PUR-SLUBYWODAB | 1M ARe.q 1 [ou{UO//SdNY) SUORIPUOD PUe SR L 83 88S *[£202/70/7T] U0 Areigiauluo Ao|im ‘dnois ¥ND Ad 0¥SEZ 1140/200T OT/I0p/ W00’ A8 |1 AReuq Ul |uo//Sdny o4 papeo|umod ‘G ‘€202 X9E902ST



ASHA ET AL.

> L wiLE Y-

or if we include the RESP charges inside the PCM cavity
(Table S4).

Figure 3 shows that FrDEX spectra are much closer to
the reference QM results than that obtained by a stan-
dard excitonic Hamiltonian (FHC; see Section 2.1) which
is quite significantly blue-shifted with respect to the QM
reference. Furthermore, as analyzed in the SI, the stan-
dard excitonic Hamiltonian cannot reproduce the large
hypochromic effect in the absorption spectra, which is
associated with the formation of the GQ.

According to our calculations, the inclusion of the
inner K™ ion has a remarkable effect on the computed
spectra. As reported in Figure 4, the presence of K™ red-
shifts the positive lobe in both the FrDEx and in the QM
spectra by 10-15 nm, improving the agreement with the
experimental one.

Finally, looking for simple recipes to improve the
accuracy of the parameters of our FrDEx Hamiltonian,
we explored the possibility of correcting the errors intrin-
sic to the TD-DFT reference of the monomer. In this
direction, in Figure 5, we present the result of two explor-
atory calculations where we modified the energy of the
LEs and the intensity of L, transition, so to better fit their
experimental counterpart in the G monomer. As shown
in Figure 5, the spectrum computed for TBA, by simply
shifting the energy of the LEs by —0.80 eV (and without
any additional changes) is very similar to the one com-
puted with the original FrDEx parameters and then
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FIGURE 4 Electronic circular dichroism (ECD) spectra of
thrombin binding aptamer (TBA) computed, at time-dependent
density functional theory (TD-DFT) or at FrDEXx level, including or
not the K™ central ion in the calculation. Intensity is in molar
extinction (Ae). Black dotted line: K™ treated at the quantum
mechanical (QM) level; black (TD-DFT) and blue (FrDEx-“tetrad”)
lines: K™ treated at the classical level; gray and mauve lines (no-K):
K™ is not included.
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FIGURE 5 Electronic circular dichroism (ECD) spectra of

thrombin binding aptamer (TBA) computed by FrDEx and shifted
afterward by —0.80 eV (blue) are compared with ones computed
after simply shifting the local excitation (LE) states of G by —0.80 eV
(dotted-blue) or decreasing the module of the transition electric
dipole moment of Lb states by 30% and then shifting the spectrum
by —0.80 eV (purple). Intensity is in molar extinction (4¢).

shifted by the same amount. On one side, this finding
indicates that the main error in the position of the spec-
trum is due to the error in the LEs energies, and on the
other hand, it suggests that the role of CT states is quite
minor, since clearly the extent to which they can mix
with LEs is strongly affected by the large shift we applied.

In a second test in Figure 5, we decreased the module
of the electric transition dipole moment of L, by 30% so
to better match the relative intensity of L, and L transi-
tion in guanosine.®® The result is a decrease in the inten-
sity of the negative peak at ~ 260 nm which improves
the agreement with the experimental spectra.

3.2 | Human c-Myc promoter, parallel
topology

c-Myc promoter, a transcription factor involved in many
key cellular processes,”’ exhibits the typical ECD spec-
trum of parallel GQs (see Figure 6). We observe an
intense positive peak at ~ 260 nm, and a negative one, of
comparable intensity, at ~ 240 nm. Once shifted, the TD-
DFT spectrum is in good agreement with the experimen-
tal one, for what concerns both the position and the rela-
tive intensity of the two main peaks. The lineshape of the
FrDEx “strand” spectrum is also consistent with the
experimental one, though the width of the positive band
at 240 nm is larger than the experimental and the QM
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FIGURE 6
spectra of c-Myc guanine quadruple helix (GQ) using time-
dependent density functional theory (TD-DFT), Frenkel
Hamiltonian with Coulombic couplings (FHC), and FrDEx (with
“strand” and “tetrad” approaches). The reference experimental

Computed electronic circular dichroism (ECD)

spectrum from del Villar-Guerra et al® is also shown. Molar
extinction Ae given relative to GQ concentration.

ones. The shape of the “tetrad” spectrum is in better
agreement with the QM reference but for a weak blue-
shift and the overestimation of the intensity of the small
negative peak appearing in the low-energy part of the
spectrum. It should be noted that such a peak would be
largely washed out by choosing a slightly larger broaden-
ing (see Figure S9 in the SI). The “strand” spectrum,
though correctly reproducing the position and the rela-
tive intensity of the two QM peaks, overestimates the
width of the positive band on the red-side. For c-Myc,
there are bases on other strands that are also quite closely
stacked, and as the “strand” approach only accounts for
the LE perturbation among stacked bases in the same
strand, it could be missing this effect. These trends are
similar to that found for the tetramolecular parallel GQ
formed by TGGGGT sequences,”® suggesting that they
could be due to “intrinsic” limitations in the description
of this topology at FrDEx level. In any case, also for c-
Myc, FrDEx spectra are much closer to the reference TD-
DFT one than those provided by a standard excitonic
Hamiltonian.

As shown in the SI, the inclusion of Kt in the FrDEx
calculations impacts the intensity of the different bands
but has a limited effect on their position,
a similar effect is seen when the K* ion is described at
the QM level in the TD-DFT spectrum (see Figure S8 in
the SI). However, as shown in the SI (Figure S4), includ-
ing the contribution of G2 (the G base in the loop; see

" Chiraliy — BYYPE

Figure 1B) has a more significant effect on the spectrum,
leading to a further broadening of the positive low-
energy band.

3.3 | Human telomeric sequence with
hybrid-1 topology

In the presence of K ions, human telomeric sequences
are known to adopt a hybrid (3+1) topology. Figure 7
shows that the ECD spectrum of the sequence Tel23 is
quite peculiar, with a broad positive band above 260 nm
and a weak negative lobe at ~ 240 nm. Two shallow max-
ima can be recognized in the positive band, at ~ 270 and
~ 290 nm. After applying a 0.80 eV red-shift, as previous,
the PCM/TD-MO052X spectrum closely resembles the
experimental one, with two maxima clearly present in
the positive band, followed by a less intense negative fea-
ture at high energy. In this respect, it is important to
remind that the shape of the computed spectrum in the
high-energy tail could be affected by the existence of
higher-lying excited states not included in our
calculation.

The performance of FrDEx model, for this structure,
is worse than that found for TBA and c-Myc. Indeed,
both according to “tetrad” and “strand” approaches, the
positive/negative alternation in the reference QM spec-
trum is reproduced, but the positive band is much less
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FIGURE 7 Computed electronic circular dichroism (ECD)

spectra of Tel23 guanine quadruple (GQ) using time-dependent
density functional theory (TD-DFT), Frenkel Hamiltonian with
Coulombic couplings (FHC), and FrDEx. The reference
experimental spectrum from del Villar-Guerra et al® is also shown.
Molar extinction Ae given relative to GQ concentration.
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FIGURE 8 Computed electronic circular dichroism (ECD)

spectra for the different pair of stacked tetrads in Tel23 guanine
quadruple (GQ), using FrDEx.

broad than the QM reference and, correspondingly, the
negative one is too intense and red-shifted.

Looking for an explanation of the worse performance
of FrDEX, in Figure 8, we report separately the contribu-
tion to the ECD signal of the interaction between the
tetrad at the 5' end (see Figure 1) and the central one,
(5-middle tetrads curve in Figure 8) and between the
central tetrad and that at the 3' end (middle-3' tetrads
curve in Figure 8).

These results indicate that the two positive peaks
observed both in the experiment and in the reference
TD-DFT calculation can be associated with the
5-middle and middle-3' tetrads. This result is in line
with the “traditional” interpretation of the GQ spectra
in terms of stacking between tetrads of different polar-
ity.’ Actually, the decomposition of the CD spectrum of
3+1 hybdrid structure in the contribution of the spectra
from pair of tetrads in head-to-tail and head-to-head
arrangements has been already proposed in the
literature.’

However, FrDEx overestimates the energy separation
between the two positive peaks of the 5-middle and
middle-3' tetrads, so that the positive peak of the middle-
3' tetrad is overwhelmed by the negative one of the
5'-middle tetrad, since both fall at ~ 260 nm. It is also
possible that the intensity of the negative contribution of
the 5-middle tetrad is overestimated.

In the SI, we show the “stick” ECD spectra computed
at the TD-M052X and at the FrDEx “tetrad” level. It can
be noticed that FrDEx misses two transitions with quite
large positive rotatory strength, which would contribute
to the maximum at ~260 nm. They are associated with
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FIGURE 9
spectra of Tel23 guanine quadruple (GQ) in the presence restrained
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electrostatic potential (RESP) charges of K compared with ECD
spectra calculated without K using time-dependent density
functional theory (TD-DFT) and FrDEx.

pairs of bases on different strands, whose interaction is
treated with Hjyr, but not considered when computing
Hintra in FrDEX. It could be possible, therefore, that this
interaction modifies the intrinsic properties of the LEs on
the involved bases (i.e. energies, intramonomer LE-LE
coupling, dipoles) in a manner not captured by either the
“strand” or “tetrad” approaches. In any case, also for
Tel23, the FrDEx spectra are more accurate than those
obtained at the FHC level or by using other approximate
methods.’

We further analyzed for Tel23 the effect of the inclu-
sion of K* ions. Figure 9 shows that it slightly improves
the agreement with experiment, at least in the TD-DFT
spectrum. If the K* is not considered in this calculation,
the intensity of the positive peak at ~ 260 nm decreases,
and only one band peaking at ~ 280 appears. However,
when the K* ion is described at the QM level, the spec-
trum significantly changes. As shown in Figure 9, the
separation of the two positive peaks increases, mainly
due to a ~ 10 nm red-shift of the lowest energy one.

4 | CONCLUDING REMARKS

In the study, we have further assessed the performance of
the protocol we have recently developed to compute elec-
tronic spectra of closely stacked MCA, by simulating the
ECD spectra of three GQs of different topologies. Our
approach, FrDEx, exploits a FrD of reference QM
calculations to parameterize a generalized excitonic

85UB017 SUOWILIOD BA 81D 3|qeot dde au Aq peusenob a1 S3jo e YO ‘35N JO S3NJ 10y Afeiq 1 8UINUO AB|IA UO (SUOTIPUOD-PUR-SLUBYWODAB | 1M ARe.q 1 [ou{UO//SdNY) SUORIPUOD PUe SR L 83 88S *[£202/70/7T] U0 Areigiauluo Ao|im ‘dnois ¥ND Ad 0¥SEZ 1140/200T OT/I0p/ W00’ A8 |1 AReuq Ul |uo//Sdny o4 papeo|umod ‘G ‘€202 X9E902ST



ASHA ET AL.

Hamiltonian that describes the interplay between LEs
and CT states.

For the three GQs examined, FrDEx ECD spectra are
in fairly good agreement with the reference QM ones.
The shapes are similar, and in many cases, the predicted
peaks are within ~ 10 nm.

The most relevant discrepancies with respect to the
TD-M052X spectral shape concern the relative intensity
of the low-energy positive band in antiparallel TBA and,
especially, the presence of a single positive band in (3+1)
Tel23, that is, lacking the two shallow maxima at
~ 260 and ~ 290 nm. These errors are likely due to the
contribution coming from the interactions of bases on
different strands. In both our “strand” and “tetrad” strat-
egies in FrDEx, we consider these interactions in the
Hijneer but not in Hjy,yq, that is, we do not consider how
these interactions can affect the intrinsic properties of the
LEs on the involved bases.

In all examined cases, FrDEx provides spectra much
closer to the reference QM ones than those obtained by
a standard excitonic model, which computes the cou-
plings using only the Coulombic interaction (plus PCM
effects). It is worth highlighting that the latter does also
not reproduce the hypochromism of the absorption spec-
tra, which is, on the contrary, nicely captured by FrDEx
(see SI). This study thus confirms that, in closely
stacked MCA, the FrDEx approach is particularly effec-
tive. It is indeed important to consider the effect of the
surrounding monomers on the LEs of the monomer, to
describe couplings beyond a simple Coulombic approxi-
mation (even if considering the full transition densities),
accounting for the possible overlap of the electronic
densities and to include the coupling with CT states.
This latter effect has been investigated in our previous
contributions, analyzing in detail the spectra obtained
for several shorter fragments of GQs of different topolo-
gies.”®?” We have shown that the inclusion of CT states
is crucial to reproduce the reference QM spectra in the
high-energy region, that is, below 250 nm, where their
mixing with bright states is larger. Moreover, for closely
stacked bases, CT states also provide a nonnegligible
contribution to the lowest energy part of the spectrum.
In the SM, we report the values of the FrDEx parame-
ters computed for TBA, and also in this case, the CT
states involving quite closely stacked bases fall 0.2-
0.3 eV on the blue with respect to L, LE (see
Figure S15), with a nonneglectable coupling with both
LEs (Figure S17).

Our study highlights the effect of K* inner cations on
the spectral shapes, which is more evident on the red-
wing of the spectrum, confirming the influence of the
closely coordinated cations on L, transitions.** Interest-
ingly, especially in two of the examined GQs, the effect
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on the spectra cannot be reduced to the electrostatic
interactions, and thus, it cannot be accurately modeled at
a classical level. An explanation for this finding could be
due to the significant CT between the K* ion and the sur-
rounding bases. In fact, the positive charge of the K atom,
according to a simple Mulliken population analysis, is
~ 0.5. This effect, which cannot be captured at a classical
level, can significantly affect the coupling between the
excited states of Gs (both LE and CT states). The influ-
ence of the Kt ion on the spectra will depend on its fluc-
tuations within the GQ. In this respect, especially when
studying ions more mobile than the bulky K™ (such as
Na*)>® proper inclusion of conformational averaging
effects could be important.

Our calculations confirm that the bases in the loop
can affect the ECD lineshapes, in agreement with the
indications of our previous study on antiparallel Tel21.*’
On the other hand, as loops can be much more flexible
than the “tetrad core”,>*™>” considering only one struc-
ture as we did in this study, could in principle dramati-
cally decrease the reliability of the computational
indications, and integration with MD simulations is
recommended.

This study provided us also an interesting opportu-
nity to test the reliability of TD-DFT calculations in pre-
dicting the ECD spectra of large closely stacked MCAs
such as GQs. Keeping in mind that the use of a func-
tional allowing proper treatment of CT transitions is
mandatory, the TD-M052X spectra reported here exhibit
spectral shapes in nice agreement with experiments. The
most important discrepancy with respect to the experi-
ments concerns a large, almost uniform, blue-shift of the
TD-MO052X spectra. The magnitude of this shift, ~ 0.80
eV, is, however, very similar to that needed to
reproduce the absorption spectra of the monomeric
species, that is, guanosine in water, at the PCM/TD-
M052X/6-31G(d) level. In fact, simply shifting the values
of the LE energies by ~ 0.80 ¢V in the FrDEx Hamilto-
nian leads to obtaining spectra close to the experimental
ones, without any additional shift. This result confirms
that the main error of TD-DFT/MO052X is associated with
the description of the monomer and not with the treat-
ment of the interactions between excited states in the
GQ. Similar considerations apply to another possible
source of error, sometimes overlooked, related to pre-
dicted relative intensities of the different monomeric
electronic transitions (in this case the intensity of L; tran-
sitions in one-photon absorption). Scaling the transition
electric dipole moment of Ly, so to match the Ly/L, inten-
sity ratio in the monomer improves the agreement with
experiments. Despite the attractiveness of these trivial
adjustments, it is important to highlight that any correc-
tion of the parameters used in FrDEx requires detailed

85UB017 SUOWILIOD BA 81D 3|qeot dde au Aq peusenob a1 S3jo e YO ‘35N JO S3NJ 10y Afeiq 1 8UINUO AB|IA UO (SUOTIPUOD-PUR-SLUBYWODAB | 1M ARe.q 1 [ou{UO//SdNY) SUORIPUOD PUe SR L 83 88S *[£202/70/7T] U0 Areigiauluo Ao|im ‘dnois ¥ND Ad 0¥SEZ 1140/200T OT/I0p/ W00’ A8 |1 AReuq Ul |uo//Sdny o4 papeo|umod ‘G ‘€202 X9E902ST



ASHA ET AL.

> L wiLE Y-

scrutiny and that the procedure we have followed here
cannot be considered of general applicability. In fact,
shifting the energy of only the LE states clearly impacts
the interaction between LE and CT states and may lead
to a not well-balanced treatment of CT transitions, affect-
ing the accuracy of the spectral shapes in cases where
they do play a role. On the other hand, such a computa-
tional approach might be used to control possible imbal-
ances in the treatment of LEs and CT states within
TDDFT,*® although it should be established a well-
defined strategy to correct the CT energy, such as the A
SCF-like approach used in Li et al.*®

Another potential source of error is that the transition
electric dipole moment of a given transition depends on
its description in terms of involved molecular orbitals,
and it is thus related to all the terms (energy and cou-
plings) of the FrDEx Hamiltonian. Finally, when compar-
ing the computed spectra with the experimental ones, it
is important to remember that conformational averaging
could affect the spectra®’ and that the shape of the high-
energy region of the spectra is surely affected by possible
limitations in the number of electronic transitions
included in the FrDEx procedure.

Overall, this study provides encouraging indications
on the use of our procedure to compute the ECD spectra
of challenging systems such as GQs. PCM/TD-DFT spec-
tra are in fair agreement with the experiments, and
FrDEXx spectra are much closer to the reference QM ones
than those obtained with simpler excitonic Hamiltonians.
The accuracy of FrDEx Hamiltonian can be easily tuned,
increasing the number of bases considered in the frag-
ment diabatization procedure,”® but this would also
increase its computational cost.

As a consequence, when the inclusion of conforma-
tional effects is important and, thus, the calculation of
the ECD spectra on a representative sample of the struc-
ture is necessary, it could be useful to integrate the three
different approaches. For example, one single full QM for
a representative structure (e.g., the experimentally deter-
mined one), complemented by many FrDEx calculations
and, if it is necessary to map a global conformational
rearrangement, by a larger number of “standard” exci-
tonic computations.
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